Abstract: Dynamic displacement measurement of objects can be challenging due to the limitations of conventional methods and pricey instrumentation of unconventional methods, such as laser scanners. In this research, Close Range Photogrammetry (CRP) is used as an affordable non-contact method to measure 3D dynamic displacements. It is proposed as a reliable alternative to traditional dynamic deformation measurement methods such as displacement sensors or accelerometers. For this purpose, dynamic displacements of a three-dimensional one-story building frame model on a one-dimensional shake table are determined by using the traditional method of attached accelerometer and CRP. The results of the CRP method are compared with the results of the traditional methods as well as numerical models. The results show a good agreement which evidences the reliability of the CRP with regular cameras.
Introduction
Dynamic loads are time-dependent vectors applied to structures which may cause deformation in the subjected elements, such as an increase or decrease in beams' length. The adverse influence of dynamic load on structures can exceed the equivalent static load [1] . Therefore, it is essential to measure deflections subjected to dynamic loading systems accurately. Traditional displacement and acceleration measurement methods such as extensometers, accelerometers, and LDVTs are widely used to determine the dynamic deformation despite their limitations in measurement; for instance, they have to be in contact with the monitored surface that is not always accessible. Besides, the number of monitoring points is generally limited to the number of instruments and increasing the number of instruments would increase the monitoring cost significantly. The other problems associated with these methods are difficulty in installation, possible damages to the sensor during installation, and interference with the structure or adjacent structures. Close Range Photogrammetry (CRP), on the other hand, can measure three-dimensional displacements remotely without any direct contact of sensors.
The changes in objects subjected to a specified loading system can be determined by Digital Image Correlation (DIC) based on the comparison of the location of corresponding points in at least two sequential images [2, 3] . 2D and 3D digital images have been used to measure the displacement of objects such as rock specimen subjected to static loading [4] [5] [6] , masonry walls in buildings [7] and bridge deflection measurement [8] .
Likewise, CRP uses digital images taken from different angles to determine the 3D coordinates of every common point in the photographs [9, 10] . Displacement of a particular point is measured by comparing the coordinates of that point at the current time with the coordinates of the same point at a previous time. Dynamic displacements are determined by reducing the time interval between photographs. Measurement of the dynamic displacement of different points on an object allows for three-dimensional modeling of the deformation over the loading time [11, 12] .
CRP has been extensively used to determine the displacements due to static loads in soil and rock slopes [13, 14] , and in open pit and underground mining [15] [16] [17] [18] . However, it has just recently began to be applied to dynamic problems due to advances in the resolution and capabilities of affordable digital cameras [12, [19] [20] [21] [22] .
To increase the accuracy of 3D measurements of a vibrating structure, Lee et al. (2016) introduced the least-square image matching for sub-pixel targeting. In this method, a finer pixel spacing is created by determining sub-pixels based on the least square method of the matched pixels in two overlapping images [23] . The accuracy of measurements using CRP is affected considerably by the quality of the photographs [24] which is a function of lighting conditions, camera resolution, distance to the object, and additional factors such as lens distortion.
In this study, the practicality of the CRP application to monitor and measure the displacement of structures subjected to dynamic loads is discussed. For this purpose, optimized photo shooting conditions are evaluated for a pair of digital single-lens reflex (DSLR) cameras to reduce the error in the CRP measurements. The test model is a small-scale one-story aluminum frame made of four columns and subjected to base acceleration induced by a shake table. Frames' displacements are measured by accelerometers as well as by CRP. The accelerometer results are used to validate the CRP results. In addition, the accuracy of a 3D numerical model to predict the dynamic displacements is evaluated.
Dynamic Displacements Using CRP
As mentioned previously, CRP may be used to measure displacements that happen in a short time or dynamic displacements by using two synchronized digital single lens reflex (DSLR) cameras with the capability of capturing videos at the same frame rate per second (fps). In this study, two identical DSLR cameras (Canon EOS 1100D Rebel T3) with 50 mm focal length prime lenses are fixed at a distance of approximately 1 m from the test model. The resolution of cameras is 12 Megapixels (MP). Based on the cameras' characteristics and their distance to the test model, the precision of the measurement is expected to be close to 0.3 mm. A multi-channel remote is used to trigger the cameras and capture video simultaneously. A stopwatch is placed within the field of view of both cameras to synchronize the video frames, as sometimes one camera receives the remote signal with a short delay. To minimize the error in the determination of coordinates of different points in the CRP method and achieve the best results, both cameras point to the test model at a right angle to each other. To verify the CRP result during the test, first the distance of two coded targets on a rigid body is measured via caliper. During the test, the 3D Euclidean distance of the measured targets are computed and compared to the measurement. The maximum residual error in distance never exceeded 1 mm. Figure 1 shows the location of the cameras relative to the test model fixed on the shake table. Points i´and i" represent the projections of an arbitrary point on the test model on each camera charge coupled device (CCD). Coordinates of each point projected on the CCD are calculated by knowing the lens and camera specifications, such as focal length and CCD size and resolution [25] . Figure 2 presents the test setup using background light and two synced cameras focused on the shake table. Also visible in Figure 2 are targets or unique known shapes that can be recognized in picture series. Some of these coded targets are stationary and installed outside the moving parts of the structure and the shake table. The coordinates of the moving targets over time are calculated based on the location of the stationary ones. The moving direction, shown in Figure 2 , is along the Y axis. A uniaxial accelerometer is used to measure the acceleration of the top frame analog the Y axis. A fixed global coordinate frame is defined in the PMM code attached to the stationary targets. The displacement of the moving targets and accelerometer's location are measured with respect to the fixed global coordinate frame. Figure 3 demonstrates the locations of these targets in concurrent images. Figure 2 presents the test setup using background light and two synced cameras focused on the shake table. Also visible in figure 2 are targets or unique known shapes that can be recognized in picture series. Some of these coded targets are stationary and installed outside the moving parts of the structure and the shake table. The coordinates of the moving targets over time are calculated based on the location of the stationary ones. The moving direction, shown in Figure 2 , is along the Y axis. A uniaxial accelerometer is used to measure the acceleration of the top frame analog the Y axis. A fixed global coordinate frame is defined in the PMM code attached to the stationary targets. The displacement of the moving targets and accelerometer's location are measured with respect to the fixed global coordinate frame. Figure 3 demonstrates the locations of these targets in concurrent images. Cameras setup with respect to the shake table including the global coordinate frame, which is defined manually using stationary targets. Y shows the loading direction. 
Materials and Methods
The coded targets in the concurrent images are tracked by PhotoModeler Motion (TM) (PMM) computer program (CRP code) in this project. PMM records four-dimensional measurements: three spatial dimensions at different times. This code accepts video data or sequences of frames from a camera and tracks targets over time [26] . Targets in PMM have high-contrast and are easily identifiable points on the object or the scene. Coded targets, that are, targets with a unique code ring around them that makes them automatically recognized by PMM, are used in this study.
The coordinate of each point in a single image is based on the known focal length of the camera, which is the distance between the lens and the imaging sensors [26] . The focal point is where light rays intersect in the camera. The coordinate of objects in two overlapping images taken by two cameras can be computed based on the known coordinate of their focal points. These coordinate calculations should be corrected based on the radial and decentering lens distortions, which are calculated during camera calibration when actual distances of objects in the image are known [27] . 
The coordinate of each point in a single image is based on the known focal length of the camera, which is the distance between the lens and the imaging sensors [26] . The focal point is where light rays intersect in the camera. The coordinate of objects in two overlapping images taken by two cameras can be computed based on the known coordinate of their focal points. These coordinate calculations should be corrected based on the radial and decentering lens distortions, which are calculated during camera calibration when actual distances of objects in the image are known [27] . The shake table used in this study is a single degree of freedom aluminum table with dimensions of 76.2 × 76.2 cm. Its operating frequencies range from 1 Hz to 100 Hz. The maximum nominal payload of the table is 113.4 kg. The peak displacement and acceleration are ±7.62 cm, and 1.5 g, respectively.
A simple and light temporary 3D aluminum frame is built to determine the required size of the final test model and the desired locations of targets. After a few preliminary tests and adjustments, a 3D one-story frame, with the dimensions shown in Figure 4 and Table 1 is built. Beams and columns are made of aluminum box sections while the roof and base are made of plywood with a thickness of 13 mm. Beam to column and column to base connections are made of aluminum angles, bolts, and nuts. A mass of 8 kg is fixed on the roof diaphragm to increase the mass of the frame and the dynamic displacements. Coded targets to be traced by PMM are fixed on the roof and base of the structure. Additionally, two single access accelerometers with a logging time step of 0.00125 sec are installed along the Y access of the coordinates (defined at Figure 2) on the roof and the surface of shake table.
The lateral stiffness of the test model is obtained by measuring the lateral displacements corresponding to lateral static loads ( Figure 5 ). The average lateral stiffness and mass of the frame are estimated to be 4.5 kN/m and 8.1 kg, respectively. Figure 2) on the roof and the surface of shake table. The lateral stiffness of the test model is obtained by measuring the lateral displacements corresponding to lateral static loads ( Figure 5 ). The average lateral stiffness and mass of the frame are estimated to be 4.5 kN/m and 8.1 kg, respectively. 
Numerical Model: 3-D Frame under dynamic linear load model
A finite element model (FEM) of the test frame is developed using a commercial finite element code, SAP2000, to compare the FEM predictions with the actual measurements. Beams and columns are modeled by beam elements and the roof diaphragm is modeled by shell elements. Simple hinge connections are used for all beam-to-column connections. Torsional springs are used for the connections of columns to the base. The stiffness of these springs is determined to be 186 N-m/rad to allow a lateral stiffness of 4500 N/m assuming the columns are almost rigid. The system is subjected to a dead load of 85 N on the roof and a 1 Hz sinusoidal displacement with an amplitude of 2 cm at the base.
Results and Discussion
The dynamic deformation during loading is recorded by two identical cameras. The initial experiments are repeated with different test settings to obtain the best results of the CRP. The burst mode, known as continuous high-speed mode, and videos are used for taking sequential photos. Also, the tests are replicated in manual focus, automatic focus and different lighting situations, such as natural daylight and supplementary background lights. The video records with a bright background, using high temperature LED lights, show the least difference in triggering time and the most synchronized frames for the two cameras. As such, this mode was selected for the measurements. Figure 6 shows the displacements of the test model's roof along the direction of the dynamic load applied by the shake table measured by CRP as well as the accelerometers. In general, CRP results match well with the accelerometer results. Although some noise in the displacements obtained by integrating the accelerometer data is expected, larger discrepancies are observed at the beginning, when the shake table starts to move and at the end, when the shake table prepares to stop. 
Numerical Model: 3-D Frame under Dynamic Linear Load Model
Results and Discussion
The dynamic deformation during loading is recorded by two identical cameras. The initial experiments are repeated with different test settings to obtain the best results of the CRP. The burst mode, known as continuous high-speed mode, and videos are used for taking sequential photos. Also, the tests are replicated in manual focus, automatic focus and different lighting situations, such as natural daylight and supplementary background lights. The video records with a bright background, using high temperature LED lights, show the least difference in triggering time and the most synchronized frames for the two cameras. As such, this mode was selected for the measurements. Figure 6 shows the displacements of the test model's roof along the direction of the dynamic load applied by the shake table measured by CRP as well as the accelerometers. In general, CRP results match well with the accelerometer results. Although some noise in the displacements obtained by integrating the accelerometer data is expected, larger discrepancies are observed at the beginning, when the shake table starts to move and at the end, when the shake table prepares to stop. These discrepancies are due to the abrupt change in frequency of the movement by the shake table at the beginning and the end of its movement. Moreover, they could be due to the lack of CRP data for these intervals and could be rectified by a larger fps rate (or a higher speed camera).
It is important to notice that the test model is a 3D model and can move along different directions. The accelerometers measured the acceleration only along one direction, more accelerometers would be needed to measure the acceleration in the other two directions. However, CRP measured the displacements along three independent directions at once, which is one of the advantages of CRP over the traditional measurements of displacements using accelerometers. Figure 7 shows the displacements of the test model's roof in all three directions: vertical (Z), perpendicular to the load in a horizontal plane (X), and in along the loading direction (Y). It is important to notice that the test model is a 3D model and can move along different directions. The accelerometers measured the acceleration only along one direction, more accelerometers would be needed to measure the acceleration in the other two directions. However, CRP measured the displacements along three independent directions at once, which is one of the advantages of CRP over the traditional measurements of displacements using accelerometers. Figure  7 shows the displacements of the test model's roof in all three directions: vertical (Z), perpendicular to the load in a horizontal plane (X), and in along the loading direction (Y). It is important to notice that the test model is a 3D model and can move along different directions. The accelerometers measured the acceleration only along one direction, more accelerometers would be needed to measure the acceleration in the other two directions. However, CRP measured the displacements along three independent directions at once, which is one of the advantages of CRP over the traditional measurements of displacements using accelerometers. Figure  7 shows the displacements of the test model's roof in all three directions: vertical (Z), perpendicular to the load in a horizontal plane (X), and in along the loading direction (Y). 
Conclusions
In this study, the dynamic displacements of a small scale 3D one-story frame subjected to dynamic loading by a shake table are monitored using two different techniques: the traditional contact method of installing accelerometers on the frame and CRP, a noncontact method. Additionally, the frame is modeled using FEM and its results are compared to the actual measurements. CRP results are matched against the accelerometers results and FEM results in phase and amplitude.
The manual synchronization by using a stop-watch generated results with 0.32 degrees lead between the accelerometer and CRP. It is possible to avoid this error and improve the result by using only one computer for both measurement tools. Moreover, there are multiple ways to improve the CRP resolution, including using higher resolution cameras, locating the cameras in an optimized location, and increasing the number of cameras.
One of the main advantages of the CRP method is that it measures the displacements in three independent directions at once, while different accelerometers would be needed in each direction to obtain the same results. For CRP, the measurement accuracy increases with increasing image resolution and the number of captured frames per second. Moreover, the cost and required time for instrumentation and analysis are relatively low compared to similar contact and noncontact methods. 
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